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Abstract. The local spin polarisation (LSP) of electrons in two typical semiconductor nanowires under the
modulation of Rashba spin-orbit interaction (SOI) is investigated theoretically. The influence of both the
SOI- and structure-induced bound states on the LSP is taken into account via the spin-resolved lattice
Green function method. It is discovered that high spin-density islands with alternative signs of polarisation
are formed inside the nanowires due to the interaction between the bound states and the Rashba effective
magnetic field. Further study shows that the spin-density islands caused by the structure-induced bound
state exhibit a strong robustness against disorder. These findings may provide an efficient way to create
local magnetic moments and store information in semiconductors.
PACS. 62.23.Hj Nanowires – 71.70.Ej Spin-orbit interaction – 72.25.Dc Spin polarised transport in semi-
conductors
1 Introduction
The emerging field of semiconductor spintronics, i.e. try-
ing to use electron spin rather than its charge to store
and communicate information, has fueled tremendous re-
search interest in recent years [1]. In the development of
a nhliu@ncu.edu.cn
semiconductor spintronics, the Rashba SOI [2,3] plays a
key role since it is expected to coherently manipulate the
electron spin state [4] and its strength can be conveniently
tuned by an external gate voltage [5,6,7,8]. Subsequently,
the effects of Rashba SOI in non-interacting [9] and in-
teracting [10,11,12] quantum wires have been investigated
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extensively because of their potential application for fu-
ture spintronic devices.
As is well known, electrons in a nonmagnetic semi-
conductor are degenerate in spin state. Therefore, one of
the main challenges in the development of semiconductor
spintronics is to be capable of generating excess spin in
semiconductor nanostructures, particularly by all electri-
cal means. Various schemes have been proposed to sat-
isfy this goal such as spin injection [13], the spin Hall
effect (SHE) [14,15] as well as spin filtering based on spin-
polarised electron transport in two-terminal or multi-terminal
semiconductor nanostructures in the presence of SOI(s)
[16,17,18,19,20,21,22,23,24,25]. Among these schemes, the
SHE, which accumulates opposite spins at the two trans-
verse edges of the two dimensional system due to the ef-
fects of SOI, has attracted increased interest [26,27,28,29,30,31,32,33,34,35,36,37].
Recently, Brusheim and Xu have studied the LSP for elec-
trons in a multichannel Rashba SOI-modulated straight
waveguide. Besides the SHE, interesting Hall-like spin ac-
cumulations are also found in the internal region of the
waveguide for a spin-unpolarised injection [38]. This phe-
nomenon stems from a spatial spin separation of coher-
ent electron states. However, Rashba SOI applied to the
system and the geometrical structure of the system may
result in the localisation of electrons, and their effects on
the LSP have not yet been considered in Ref. [38]. Further,
the robustness of the LSP against disorder, which is essen-
tial for a real application, remains unclear. In our recent
paper, we have investigated the spin-polarised electron
transport properties of several typical Rashba semicon-
ductor nanowires with longitudinal asymmetry and found
that they are very sensitive to the bound states formed in
the systems [39]. Fano resonance or antiresonance struc-
tures have been found in the spin-dependent conductance
in consequence of the bound states coupled to conduct-
ing states. In addition, the magnitudes of the spin polar-
isation around the Fano resonances or antiresonances are
very large even in the presence of disorder.
Motivated by the two works above, in this paper, we
study the LSP for electrons in two typical Rashba semi-
conductor nanowires with longitudinal-inversion symme-
try when spin-unpolarized electrons are injected. Although
the current in the output lead is still unpolarised, high
spin-density islands with different polarities appear in-
side the nanowires as a result of the SOI- or structure-
induced bound state. Furthermore, the spin-density is-
lands caused by the SOI-induced bound state in a straight
Rashba nanowire can be easily destroyed by disorder. How-
ever, the spin-density islands resulting from the structure-
induced bound state in the wide-narrow-wide (WNW) Rashba
nanowire can survive even in the presence of strong dis-
order, which demonstrates the feasibility of this structure
for real information storage. The organisation of this pa-
per is as follows. In Section 2, the theoretical model and
the calculation method are presented. In Section 3, the nu-
merical results are illustrated and discussed. A conclusion
is given in Section 4.
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2 Model and analysis
To study the problem we consider a two-dimensional elec-
tron gas (2DEG) formed in the (x, y) plane of a semicon-
ductor heterostructure. The 2DEG in the (x, y) plane is
restricted to a straight or WNW nanowire by a transverse
confinement potential V (x, y). The nanowire is subjected
to an electrical field along the z-axis, which gives rise to
a Rashba SOI. The strength of the Rashba SOI depends
sensitively on the features of the quantum well, including
the applied gate electric field [5,6,7,8], the ion distribution
in the nearby doping layers [40], and the relative asymme-
try of the electron density at the two quantum well inter-
faces [41]. According to Ref. [39], Rashba nanowires of this
type can be described by the spin-resolved discrete lat-
tice model. The tight-binding Hamiltonian including the
Rashba SOI on a square lattice is given as follows:
H = H0 +Hso + V, (1)
where
H0 =
∑
lmσ
εlmσc
†
lmσclmσ − t
∑
lmσ
{c†l+1mσclmσ
+c†lm+1σclmσ +H.c}, (2)
Hso = tso
∑
lmσσ′
{c†l+1mσ(iσy)σσ′clmσ′
−c†lm+1σ(iσx)σσ′clmσ′ +H.c}, (3)
and
V =
∑
lmσ
vlmc
†
lmσclmσ, (4)
in which c†lmσ(clmσ) is the creation (annihilation) operator
of an electron at site (lm) with spin σ, σx(y) is the Pauli
matrix, and εlmσ = 4t is the on-site energy with hopping
energy t = h¯2/2m∗a2, where m∗ and a are the effective
mass of the electron and the lattice constant, respectively.
vlm is the additional confining potential. The SOI strength
is tso = α/2a, where α is the Rashba constant.
In ballistic transport, the spin-resolved conductance
is given by the Landauer-Bu¨ttiker [42] formalism with
the help of the non-equilibrium Green function formal-
ism [43]. The two-terminal spin-resolved conductance for
the Rashba nanowire is
Gσ
′σ = G0Tr[Γ
σ
LG
σσ′
r Γ
σ′
R G
σ′σ
a ], (5)
where G0 = e
2/h is the conductance quantum, ΓL(R) =
i[
∑r
L(R) −
∑a
L(R)],
∑r
L(R) = (
∑a
L(R))
∗ is the self-energy
from the left (right) lead, and Gσσ
′
r (G
σ′σ
a ) is the retarded
(advanced) Green function of the Rashba wire including
the impacts of the leads. The trace is over the spatial
and spin degrees of freedom. The Green function above is
computed by the spin-resolved recursive Green function
method [39].
In the following calculation, all energies are normalised
by the hopping energy t(t = 1), and the z-axis is chosen
as the spin-quantised axis so that | ↑>= (1, 0)T represents
the spin-up state and | ↓>= (0, 1)T denotes the spin-down
state. For simplicity, the hard-wall confining potential ap-
proximation is adopted to determine the boundary of the
nanowires, since different confining potentials only change
the positions of the subbands and the energy gaps be-
tween them. The total probability and the LSP of the
z-component of electrons in the nanowires are described
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respectively as [38,44]:
ρtotal =
∑
n,σ
ψ†nσ(r)ψnσ(r), (6)
and
LPz(r) =
∑
n,σ
ψ†nσ(r)σzψnσ(r), (7)
where ψnσ(r) is the velocity-normalised wave-function of
the scattered state corresponding to electrons incident from
the nth subband with spin σ in the left lead, and the sum-
mation is taken over all the propagating modes in the lead.
3 Results and discussion
Figure 1(a) presents a sketch of a straight nanowire in the
presence of Rashba SOI, connected to two leads with the
same width. The Rashba wire has width 20a and length
50a. The two connecting leads are normal-conductor elec-
trodes without SOI, since we are only interested in spin-
unpolarised injection. The spin-dependent conductance for
the straight Rashba nanowire as a function of the electron
energyE is shown in Fig. 1(b). The strength of the Rashba
SOI is tso = 0.08. Step-like structures appear in the spin-
dependent conductance when the electron energy E >
0.026 because the subbands of the nanowire become prop-
agating modes one by one [39]. Apart from the step-like
structures, oscillations also emerge in the spin-dependent
conductance, resulting from the interference between the
forward and backward electron waves caused by the SOI-
induced potential well. Furthermore, it is worth noting
that dip-like structures [see the (red) circle] emerge in
the spin-dependent conductance when the electron en-
ergy approaches the thresholds of the propagating modes.
This effect is attributed to the SOI-induced bound states
formed in the quantum wire coupled to the conducting
states through Rashba intersubband mixing, giving rise
to pronounced Fano resonances [45]. Due to the longitudi-
nal inversion symmetry in the straight nanowire, the spin-
up conductance (Gup = G↑↑ + G↑↓) is always equals to
the spin-down conductance (Gdown = G↓↓ +G↓↑). Figure
1(c) shows the total probability distribution ρtotal of elec-
trons in the straight Rashba nanowire. For electron energy
E = 0.15, at which the conductance is on the plateau, the
total probability distribution displays two regular stripes
that represent two propagating modes. According to Fig.
1(b), it can be concluded that electrons in the output lead
are still unpolarised. However, the LSP of electrons inside
the Rashba wire LPz is non-zero. As shown in Fig. 1(d),
four regular spin-polarised stripes with alternating signs
of polarisation emerge in the LSP distribution. The un-
derlying physics stems from a spatial spin separation of
coherent electron states in the nanowire [38]. In contrast,
for electron energy E = 0.218, at which the conductance
is at the dip, the regular stripe-like distributions of the
total probability and LSP are disturbed. The total proba-
bility of electrons in the Rashba wire is very large in some
places, with two obvious charge-density islands formed in
the nanowire [see Fig. 1(e)]. Interestingly, the magnitudes
of the LSP around these two charge-density islands are
very large too, as depicted in Fig. 1(f), where two spin-
density islands emerge in the wire. This effect may result
from the bound states interacting with the SOI-induced
effective magnetic field, leading to the formation of the
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spin-density islands. Further, owing to the fact that the
straight Rashba wire is symmetrical in the longitudinal
direction, the two spin-density islands show different po-
larities.
Figure 2(a) presents a sketch of a Rashba SOI-modulated
WNW nanowire. The narrow part of the wire has width
D = 10a and length H = 30a. The wide parts of the wire
have the same width W = 20a and length L = 10a, con-
nected to two ideal normal-conductor leads with the same
width W at each end. The spin-dependent conductance for
the WNW Rashba nanowire as a function of the electron
energy E is shown in Fig. 2(b). The Rashba SOI strength
is tso = 0.153. The step-like structure and oscillations
exist in the spin-dependent conductance as seen in Fig.
1(b). However, a valley-shaped structure emerges on the
conductance plateau [see the (red) circle]. This structure
originates from coupling between the bound state caused
by the nonuniform width and the conducting states, re-
sulting in a structure-induced Fano resonance. Figure 2(c)
illustrates the total probability distribution of electrons
in the WNW wire. The electron energy E = 0.220, so
that the conductance is in the valley. In contrast to the
total probability distribution of electrons in the straight
Rashba wire that spreads along the whole system, ρtotal
is strongly localised in the wide region to the right, i.e.
two very high charge-density islands are formed in this
region. The formation of these two charge-density islands
originates from the interference between the forward elec-
tron waves and the backward electron waves reflected from
the right wire-lead interface. As a consequence, there is a
certain probability that electrons will stay in the wide re-
gion [39]. Surprisingly, the magnitudes of the LSP around
the two charge-density islands are also very large, which
can be seen in Fig. 2(d), where four spin-density islands
with alternating signs of polarisation appear in the wide
region to the right. The physical mechanism associated
with these spin-density islands is the same as that in Fig.
1(f).
The above calculation assumes a perfectly clean sys-
tem, where there is no elastic or inelastic scattering. How-
ever, in a realistic system, there will be many impurities
in the sample. Consequently, the effect of disorder on the
LSP should be considered in practical applications. The
effects of impurities in the sample can be introduced by
fluctuation of the on-site energies, which are distributed
randomly within a range of width w: εlmσ = εlmσ + wlm,
here −w/2 < wlm < w/2. In addition, the effects of im-
purities in the sample can also be incorporated via the
Rashba SOI by allowing the strength of the Rashba SOI
tso to fluctuate randomly in space, giving rise to many
new phenomena such as the realisation of the minimum
possible strength of SOI [40] and the localisation of the
edge electrons for sufficiently strong electron-electron in-
teractions [46]. For simplicity, in the present paper only
the fluctuation of the on-site energies is considered, while
that of the Rashba SOI strength is neglected. The LSP dis-
tribution of electrons in the two Rashba nanowires with
the introduction of strong disorder are illustrated in Fig.
3. Except for the disorder strength w = 0.6, the other
parameters in Fig. 3(a) and (b) are the same as those
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in Fig. 1(f) and 2(d), respectively. The magnitude of the
LSP of electrons in the straight Rashba wire [Fig. 3(a)], in
contrast to that in Fig. 1(f), is increased or decreased by
the disorder. In Particular, the spin-density islands in the
straight Rashba wire are destroyed by the disorder. How-
ever, for the disordered WNW Rashba wire, as plotted
in Fig. 3(b), the salient features of the LSP distribution
are the same as those in Fig. 2(d). Further, the four spin-
density islands can survive even when strong disorder is
present.
4 Conclusion
In conclusion, we have studied the LSP of electrons in
Rashba SOI-modulated semiconductor nanowires for a spin-
unpolarised electron injection. High spin-density islands
with alternating polarisation directions are formed in the
nanowires by virtue of the SOI- or structure-induced bound
states. Furthermore, the spin-density islands in the WNW
Rashba wire caused by the structure-induced bound states
can survive even in the presence of strong disorder. These
results indicate that the proposed nanowires can be utilised
to create local magnetic moments and store information
without applying an external magnetic field.
This work was supported by the National Natural Science
Foundation of China under Grant No. 10832005, 10774112
and the China Postdoctoral Science Foundation under Grant
No. 20100481188.
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Fig. 1. (Colour online) (a) Schematic diagram of the straight
Rashba nanowire, connected to two leads with a vanishing SOI.
(b) The calculated spin-dependent conductance as a function
of the electron energy. The total probability distribution ρtotal
[(c) and (e)] and the corresponding LSP distribution [(d) and
(f)] for electrons in the straight Rashba nanowire for a spin-
unpolarised injection. The Rashba SOI strength is tso = 0.08.
The electron energy is taken as E = 0.15 in the middle panels
and 0.218 in the lower panels.
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Fig. 2. (Colour online) (a) Schematic diagram of the WNW
Rashba nanowire, connected to two leads with a vanishing SOI.
(b) The calculated spin-dependent conductance as a function
of the electron energy. The total probability distribution (c)
and the corresponding LSP distribution (d) for electrons in the
WNW Rashba nanowire for a spin-unpolarised injection. The
Rashba SOI strength is tso = 0.153 and the electron energy is
taken as E = 0.220.
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Fig. 3. (Colour online) The LSP distribution for electrons in
the disordered straight (a) and WNW (b) Rashba nanowires.
The strength of disorder is w = 0.6. The other parameters
in (a) and (b) are the same as those in Figs. 1(f) and 2(d),
respectively.
